The role of differentiated vascular myocytes in neointimal formation in canine carotid artery was investigated. Using antibodies and cDNA probes, cells were characterized in situ and after isolation. In situ characterization indicated the majority of medial cells expressed both smooth muscle myosin and alpha actin but many cells were negative to these markers. All adventitial cells were negative for these proteins. The muscle protein-positive cells were designated differentiated, vascular myocytes (VSMC). The others were designated type 2 cells. Sequential enzyme digestion from the lumenal surface yielded VSMC ( Ͼ 90%) while digestions from the adventitial surface yielded type 2 cells ( Ͼ 90%). VSMC were viable in culture but did not spread, proliferate, or alter expression of muscle proteins. Type 2 cells proliferated and increased their expression of muscle actin but did not express muscle myosin. Characterization of neointimal cells from injured carotid arteries indicated they were morphologically and immunologically identical to cultured type 2 cells. We concluded that: ( a ) canine carotid artery media consists of a heterogeneous cell population; ( b ) serum does not stimulate isolated VSMC to undergo phenotypic modulation or proliferate; and ( c ) type 2 cells may be responsible for neointimal formation because they proliferate and acquire a phenotype identical to in situ neointimal cells. ( J. Clin. Invest. 1996. 97:814-825.)
Introduction
Morphological examination of mammalian muscular and elastic arteries at the light and electron microscopic levels (1) suggests that the media is composed of a single cell type, the smooth muscle cell. This is in contrast to avian arteries where two distinct cell populations have been described (2, 3) , one with morphological characteristics of muscle cells (large numbers of myofilaments, attachment bodies, peripheral vesicles, and a basement membrane) and a second population lacking these characteristics.
The cellular homogeneity of mammalian arterial media implies that the smooth muscle cell must be responsible not only for changing vessel diameter by modulating contractile activity but also for structural remodeling of the medial layer under normal and pathological conditions (4) . This remodeling includes synthesis and secretion of extracellular matrix proteins as well as the formation of atherosclerotic plaques and neointimal thickening. Unlike striated muscle cells that are terminally differentiated, vascular smooth muscle cells (VSMC) 1 from adult mammals are considered to retain the ability to proliferate in response to a variety of chemical and physical stimuli. This proliferative capacity also contributes to vascular wall remodeling. These characteristics of VSMC form the basis of the "injury" hypothesis for atherosclerosis (5, 6) . According to this hypothesis, phenotypic modulation of the medial smooth muscle cell accounts in part for the presence of cells with different characteristics within atherosclerotic plaques and the neointima. During the two decades since this hypothesis was first proposed, a considerable amount of supportive evidence has accumulated. However, data have also accumulated suggesting that the medial layer of a normal vessel may not be composed of a single cell type.
Two types of cellular heterogeneity exist within the media. One type involves the smooth muscle cell itself. Cells expressing smooth muscle alpha actin or myosin heavy chain and, presumably, smooth muscle cells are not homogeneous with respect to expression of other proteins. Immunocytochemical data indicate that alpha actin-positive medial cells in rat aorta may be positive to vimentin, desmin, or both (7). Zanellato et al. (8) have shown in bovine aorta that some medial cells are positive to a smooth muscle myosin heavy chain antibody while others are positive to antibodies to both muscle and nonmuscle myosins. In addition, a cell population that expresses exclusively a fetal form of smooth muscle myosin heavy chain (9) has been identified in adult bovine aortic media.
The second type of cellular heterogeneity involves the presence of "nonmuscle" cells. Evidence indicates that the media contains cells that are negative to muscle actin (10) and myosin heavy chain (8) antibodies. These cells have been estimated to represent 8-14% of all cells freshly isolated from adult rat aorta (11, 12) . Such nonmuscle cells may be macrophages or lymphocytes; however, their high frequency in normal vessels and their lack of reactivity to monocyte/macrophage antibodies (13) suggest that they do not represent inflammatory cells. Studies also indicate that subpopulations of cells can be obtained from morphologically homogeneous aortic media that, when cultured, grow at different rates (10) , have distinct morphologies that are retained with subculturing (14) , or have different substrate adhesive properties (15) . Such examples of medial cell heterogeneity have led to the suggestion (16) that these subpopulations may have specific functions within the vessel wall. The existence of medial cell heterogene-ity does not preclude phenotypic modulation but may mean that not all cells would exhibit modulation.
The hypothesis that formed the basis of this study is that if phenotypic modulation of smooth muscle cells is responsible for neointimal formation after balloon catheter injury, then smooth muscle cells isolated from the lumenal surface of normal vessels, the most likely source of neointimal cells, should undergo phenotypic modulation in culture. The canine carotid artery was selected for study because its large size permitted systematic enzyme dispersion and isolation of cells from sequential layers of the media. Using specific antibodies to cytoskeletal proteins and cDNA probes, cells in situ, freshly isolated cells, and cells in culture were characterized. The results suggest that the media of canine carotid artery is composed of at least two cell populations and that only one of these cell types, initially negative for muscle proteins, proliferates and undergoes phenotypic modulation.
Methods
Cell isolation and culturing. Carotid arteries were obtained from adult mongrel dogs of either sex under aseptic conditions. The vessels were digested while under pressure in a manner similar to that described by Warshaw et al. (17) . Under a tissue culture hood adhering fat and superficial connective tissue were removed and the vessel everted or left right-side-out. One end was ligated with surgical silk and the other end cannulated with an 18-gauge needle. Sterile Hanks' balanced salt solution was then injected into the vessel with a syringe until a pressure of ‫ف‬ 100 mmHg was attained as indicated by an attached mercury manometer. The vessel was ligated below the end of the needle so that the vessel remained inflated after withdrawing the needle. The ends of the vessel were securely covered with plastic wrap. The inflated carotid segment was placed in a sterile flask containing 15 ml of a mixture of collagenase 1.25 mg/ml (200 U/mg), elastase 0.125 mg/ml (90-95 U/mg), trypsin inhibitor (type I) 0.38 mg/ ml, bovine albumin 2 mg/ml, and Hepes 3.58 mg/ml (pH 7.4) and incubated in an agitating water bath at 37 Њ C for specific times. At the end of each incubation period, the enzyme solution was removed, fresh solution was added, and the incubation was continued. The released cells were spun out of the enzyme solution and the resulting pellet was washed once with phosphate-buffered saline.
In studies designed to correlate the extent of wall digestion with the characteristics of the released cells, after each digestion period a 10-mm-long segment was cut from the vessel for histology and the remaining vessel was reinflated before being returned to the digestion solution. The tissue segment was immediately placed in 3.7% formaldehyde for routine histology.
Cells to be placed in culture were resuspended in Dulbecco's modified Eagle's medium (GIBCO-BRL, Gaithersburg, MD) containing 1% glutamine, 3% PSN (300 g/ml of penicillin, streptomycin, and neomycin), and 5% gentamicin plus specific concentrations of fetal bovine serum (Hyclone Laboratories, Logan, UT) or fresh serum prepared from the dog whose vascular cells were being studied. An aliquot of suspended cells was taken for cell counting (hemocytometry) and the remainder was seeded into appropriate tissue culture dishes.
To determine the effect of extracellular matrix on seeding efficiency and cell morphology, 35-mm tissue culture dishes were coated with type I rat tail collagen (Collaborative Research Inc., Bedford, MA) before being seeded with cells. A 200-l volume of a 1.5 mg/ml solution of collagen was spread on the surface of the dish and allowed to air dry overnight in the tissue culture hood. This resulted in a fibrous deposit of collagen strands on the surface of the dish that could be visualized under the microscope. The dishes were rinsed with distilled water and culture medium before plating cells.
Culture dishes were maintained in a standard humidified tissue culture incubator maintained at 37 Њ C and equilibrated with 5% CO 2 and 95% air. Tissue sections. Formaldehyde-fixed vessel rings were paraffin embedded, sectioned, and processed for routine histology. Sections were stained with a trichrome stain to visualize cytoplasm, cell nuclei, and extracellular matrix material.
Tissue to be used for immunohistochemistry was placed in plastic boats containing OTC frozen tissue embedding medium (Fisher Scientific Co., Fair Lawn, NJ) and frozen in liquid nitrogen. Cross sections 5-m thick were cut and transferred to glass slides and kept at Ϫ 20 Њ C until processed for immunohistochemistry.
Immunohistochemistry. Cells to be labeled for immunohistochemistry were seeded onto coated (type 1 collagen) or noncoated glass coverslips (20 mm) and either fixed within 8 h of seeding or maintained in culture for a specific time before being fixed. Cells were fixed for 30 min at room temperature in 3.7% formaldehyde prepared in PBS, washed twice with PBS, and then permeabilized by a 3-min exposure to a 0.1% Triton X-100/PBS solution. The cells were washed with PBS and blocked for 30 min with a PBS solution containing 1% fish gelatin (Sigma Immunochemicals, St. Louis, MO), 1.5% bovine albumin, and 0.5% Tween 20. Primary antibody, at a dilution of 1:100 in blocking solution, was added, incubated with the cells for 30 min at room temperature, and then removed with blocking solution. Secondary antibody, at a dilution of 1:50 in blocking solution, was added to the coverslips for an additional 30 min. The secondary antibody was washed off with blocking solution and then PBS before mounting the coverslips on glass slides with polyvinyl alcohol containing n -propylgalate as an antifade agent.
Frozen tissue sections were plunged, while still frozen, into room temperature formaldehyde (3.7% in PBS) and fixed for 30 min. Permeabilization, blocking, and antibody incubations were identical to those used for single cells.
The smooth muscle myosin heavy chain antibody was a monoclonal antibody prepared in this laboratory using purified rabbit uterine myosin heavy chain as the antigen (18) . The antibody cross-reacts with both smooth muscle myosin heavy chains (SM-1 and SM-2) but not with nonmuscle or striated muscle myosins (19) . The nonmuscle myosin heavy chain antibody, a polyclonal antibody to platelet myosin, was obtained from Biomedical Technologies, Inc. (Stoughton, MA). The smooth muscle alpha actin and vimentin antibodies were monoclonal antibodies obtained from Sigma Immunochemicals. The antibody to the Na pump is to the alpha subunit and reacts with all three isoforms (20) . Fluorescent secondary antibodies were obtained from either Bio-Rad (Richmond, CA) or Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). To label cell nuclei 4 Ј ,6-diamidino-2-phenylindole, HCl (DAPI; Molecular Probes, Inc., Eugene, OR) was used at a concentration of 1 g/ml in blocking solution.
Phase and digital imaging microscopy. Routine phase-contrast photomicrographs were made with a Nikon Diaphot inverted phase microscope equipped with a 35-mm camera. An Axiophot microscope equipped with a DAGE CCD-72 video camera and a DSP-200 signal processor (DAGE MT-1) was used for digital imaging microscopy. Images at magnifications of either 20 or 40 were digitized using a TARGA-64+ video board connected to a 486 microprocessor running at 66 mHz. Digital images were collected using the video camera in manual mode. For each digital fluorescence image a companion background image was collected and subtracted using Adobe Photoshop on a Macintosh Centris 660 computer. The resulting signal was contrast enhanced to cover the full 8-bit range of the digital image. The processed monochrome images were pseudocolored by loading into RGB color channels. Some digital images were assembled into montages containing antigen immunofluorescence images in the red color channel and images of DAPI-labeled nuclei in the green and blue channels. Image segmentation was used to extract distributions of the nuclei of antigen-negative cells (see Figs. 7 E and 10 D ). Selection of these nuclei was accomplished by defining an antigen-negative cell as one with a nucleus that did not overlap the fluorescence signal of the antigen. Overlap was detected by subtracting antigen image from the DAPI image, altering the morphology and intensity of overlapping nuclei. These nuclei were identified by comparisons of binary maps and were deleted from the DAPI montage, leaving in place the nuclei of antigen-negative cells.
Gel electrophoresis. To assess the type of myosin heavy chains expressed by cells in culture, myosin isoforms in cell extracts were separated by one-dimensional PAGE. The extraction of myosin heavy chains and the gel electrophoresis procedure were identical to previously published methods (18, 19) .
Northern analysis and RT-PCR. Total RNA was isolated from cells using RNAzol (Biotecx Laboratories, Houston, TX) according to the manufacturer's instructions. Total RNA was run on 1% agarose-formaldehyde gels and transferred to nylon membranes by overnight capillary transfer. The RNA was fixed to the membrane using a UV Stratalinker 1800, incubated in 20 ml of prehybridization solution for 3 h at 42 Њ C, and then overnight at 42 Њ C in a similar solution containing the radioactively labeled cDNA probe. The prehybridization and hybridization solutions contained 50% formamide, 5 ϫ SSC, 5 ϫ Denhardt's, 25 mM sodium phosphate (pH 7.0), 0.1% SDS, and 250 g/ml salmon sperm DNA. To remove nonspecific radioactivity, the membrane was washed twice (15 min each) in 2 ϫ SSC plus 0.1% SDS at 55 Њ C and twice (15 min each) in 0.2 ϫ SSC plus 0.1% SDS before being placed under film for periods up to 1 wk. A single membrane was probed repeatedly by removing the previous label by incubating the membrane for 3 h at 65 Њ C in a 50% formamide, 25 mM sodium phosphate (pH 6.5) solution followed by two 15-min washes at room temperature in 2 ϫ SSC, 0.1% SDS.
The smooth muscle myosin heavy chain probe (provided by Dr.
M. Periasamy, University of Cincinnati, Cincinnati, OH) was a 1. RT-PCR. Total RNA prepared as described above was converted to cDNA by incubating 5 g of RNA with a mixture of random primers, nucleotides, and reverse transcriptase in a total volume of 20 l according to manufacturer's instructions (Promega, Madison, WI). A 10-l aliquot of this mixture was then used for the PCR reaction using Taq DNA polymerase (Promega) and SM22 primers (provided by Dr. Eric Olson) developed for mouse in a total reaction mixture of 100 l. Reaction conditions were 1 min at 95 Њ C, 30 s at 62 Њ C, and 30 s at 72 Њ C for 30 cycles. A 15-l aliquot of the PCR product was run on a 1% agarose/1% Nusieve gel adjacent to a DNA sizing ladder and visualized by staining with ethidium bromide.
Cell viability. Cell viability was assessed in two ways. Membrane integrity was assessed by determining the number of cells that excluded trypan blue as described previously (19) . In addition, a live/ dead assay was used (Molecular Probes, Inc.). This assay consists of calcein AM, a fluorogenic substrate that is cleaved only in viable cells to form a green fluorescent membrane-impermeant product, and ethidium homodimer-1, which passes only through the membranes of dead cells and labels the DNA red. The kit was used according to manufacturer's instructions. The number of total cells in a field was counted under bright-field illumination and then the number of green (live) and red (dead) cells was determined in the same field using the appropriate fluorescent filters.
[ 3 H]Thymidine labeling. Freshly isolated cells were seeded into 24-well dishes and maintained for 24 h in medium containing 0.1% fetal bovine serum. On the second day the medium was either refreshed or switched to one containing 0.5, 1, or 10% fetal bovine serum or 10% autologous dog serum. On the third day the medium was replaced with identical medium containing [ 3 H]thymidine (2.5 Ci/ml) and incubated for an additional 24 h. At the end of this time the medium was removed, and the cells were washed twice with PBS and twice with 10% trichloroacetic acid to precipitate cell protein. The protein was dissolved in 0.5 N sodium hydroxide by overnight incubation at room temperature. The solution was neutralized with glacial acidic acid and an aliquot was taken for scintillation counting.
86 Rb uptake. To assess the ability of the isolated cells to establish and maintain transmembrane ion gradients, the activity of the Na ϩ -K ϩ pump was assessed by determining the rate of ouabain-sensitive 86 Rb uptake using previously published methods (23) . Freshly isolated VSMC were washed twice in an incubation buffer containing (mM): 120 NaCl, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , and 20 Hepes adjusted to pH 7.4 with Tris base. The cells were incubated for 30, 60, or 120 min at 37 Њ C in 1 ml of buffer and uptake was initiated by adding a trace amount of 86 Rb (2-3 Ci; New England Nuclear, Boston, MA) for the last 10 min. Previous work indicated that uptake was linear over 10 min. Incubations were stopped by layering the 1 ml of buffer on top of 0.5 ml of oil and spinning the cells through the oil to remove extracellular radioactivity. The pelleted cells were lysed in water and the radioactivity was quantitated by Cerenkov counting. A parallel set of cells was run to determine ouabain-insensitive 86 Rb uptake, which is that observed in the presence of 1 mM ouabain (added 5 min before Rb). Ouabain-sensitive uptake was calculated as the difference between total uptake and ouabain-insensitive uptake.
To determine the effect of an elevation in intracellular Na content on pump activity, cells were incubated as described above but the buffer did not contain KCl. In the absence of extracellular K ions, the pump is inhibited and intracellular Na concentration is elevated.
Induction of neointimal formation. Four mongrel dogs of either sex that were free of heart worms were anesthetized with Na pentobarbital (30 mg/kg) and, using sterile surgical procedures, the lingual artery was exposed on the right side. A Fogarty 5 French angioplasty balloon (1 ml) catheter was inserted into the artery and advanced while deflated into the common carotid artery and then into the aorta. When the catheter entered the aorta the balloon was inflated with 0.7 ml of saline and withdrawn just to the junction with the lingual artery, at which point it was deflated. This procedure was repeated two more times before removing the catheter. The lingual artery was ligated and the muscle and skin layers were closed. Prophylactic antibiotic treatment was given and the animals were examined daily until the time for vessel harvest (1, 4, 7, and 14 d). At the time of vessel harvest the animals were anesthetized and both the injured and contralateral control common carotid arteries were removed and cut into rings. Three rings from different locations along the vessel were imbedded in paraffin and three other rings were frozen in OTC as described above.
Results
Pressurized, everted carotid arteries were subjected to sequential 30-min enzyme digestions until they deflated. The appearance of the vessel wall and the released cells from three sequential digestions is illustrated in Fig. 1 . The first digestion yielded large bipolar cells that represented Ͼ 95% of the cells present in the isolate. Immediately upon isolation, these cells were fusiform ( Fig. 2 ; 250 m long ϫ 30 m at the widest point) but shortened (80-100 m long ϫ 40-50 m wide) when placed in culture medium (Fig. 3) . With continued digestion through the wall, the number of bipolar cells decreased and a second population of small (10-20 m diameter) spherical cells became dominant (Figs. 1 and 3 ). They were the only cells present in the final digest.
The relative numbers of these two cell types reversed when pressurized; right-side-out carotid arteries were subjected to sequential enzyme digestion. Initial digestions contained only small spherical cells while deeper digestions yielded an ever increasing number of large bipolar cells (data not shown).
For convenience the large fusiform cells that dominated the media were designated type 1 cells, and the small spherical cells that dominated the adventitia were designated type 2 cells. These two cell types were further characterized.
Type 1 cells adhered poorly to tissue culture plastic or glass even when coated with serum. However, they attached well to collagen-coated surfaces. Type 2 cells adhered well to both coated and noncoated surfaces. This difference is illustrated in Fig. 1 . The number of type 1 cells remaining in culture after 1 wk was much less if they were seeded onto glass compared with seeding onto a collagen-coated surface or compared with type 2 cells seeded onto either type of surface. In addition, type 1 cells did not spread extensively while in culture compared with type 2 cells. Fig. 3 illustrates the shape changes that type 1 and 2 cells underwent during the first 24 h in culture. Within 24 h, type 2 cells began to spread by sending out numerous membrane projections. This did not occur with the type 1 cells. Type 1 cells did not proliferate in culture while type 2 cells readily proliferated. Table I indicates that fetal bovine serum did not stimulate thymidine uptake by type 1 cells while it did in type 2 cells. Raising the serum concentration to 50%, adding basic fibroblast growth factor to the standard culture medium, or using autologous dog serum (data not shown) also did not stimulate proliferation of type 1 cells. Type 1 cells did not increase in number in culture while type 2 cells reached confluence within 10 d. Type 2 cells appeared more sensitive to low serum concentrations (0.5%) than to high concentrations (10%); however, these differences were not significantly different.
Type 1 cells had a selectively permeable cell membrane based on the observation that Ͼ 80% of the cells excluded trypan blue or were alive based on the live/dead assay. Finally, they exhibited a ouabain-sensitive Rb uptake that was stimu- lated by increasing intracellular Na (incubation in zero extracellular K concentration) (Table II) suggesting that they had a functioning Na-K pump that could establish and maintain a transmembrane ion gradient. Type 1 cells expressed smooth muscle myosin heavy chain and alpha actin (Fig. 4) immediately (8 h) after isolation as well as after 1 wk in culture. Based on SDS-PAGE, the amount of smooth muscle myosin heavy chain expressed did not change over 1 wk in culture or relative to the amount of nonmuscle myosin expressed (see Fig. 6 C) . In contrast, type 2 cells did not express smooth muscle myosin heavy chain or alpha actin (Fig. 5) immediately (8 h) after isolation; however, nonmuscle myosin heavy chain was expressed at all times. With time in culture, type 2 cells expressed increasing amounts of smooth muscle alpha actin which became organized into stress fibers (Fig. 5 ), but expression of smooth muscle myosin heavy chain was not detected. The expression of nonmuscle myosin heavy chain remained constant. These results are summarized in Table III along with additional immunohistochemical results using antibodies to vimentin and the Na pump. Through the use of Northern analysis or PCR, the above results were confirmed and extended (Fig. 6, A and B) . A cDNA specific for smooth muscle myosin heavy chain labeled RNA from freshly isolated type 1 cells but not RNA from freshly isolated or cultured type 2 cells (Fig. 6 A) . The presence of SM22 mRNA, a putative Ca-binding protein characteristic of differentiated VSMC (24) , was detected by Northern analysis in freshly isolated type 1 cells and confluent type 2 cells, but not in freshly isolated type 2 cells. PCR amplification indicated the presence of SM22 mRNA in all samples (Fig. 6  B) , suggesting that under appropriate conditions type 2 cells could be induced to express elevated levels of SM22 mRNA (i.e., at confluence).
We next asked whether type 1 and type 2 cells could be identified in vivo, and, if so, were they homogeneously distributed throughout the vessel wall or localized in specific regions as the differential digestion studies suggested. From the above immunohistochemical studies freshly isolated type 1 cells could be differentiated from freshly isolated type 2 cells by their expression of both smooth muscle alpha actin and myosin heavy chain. Using these criteria, the presence and distribution of type 1 and 2 cells in full thickness cryosections of canine carotid arteries were determined. These data are presented in Fig. 7. In Fig. 7, A-D, high (A-C) and low (D) power images of a carotid artery cryosection labeled with the smooth muscle myosin heavy chain antibody (red) and the nuclear stain DAPI (blue) are shown. Coincident labeling by the myosin antibody and DAPI resulted in nuclei that are white. The great majority of cells within the media reacted positively to the smooth muscle myosin heavy chain antibody as indicated by the extent of red labeling and the large number of white nuclei. Most of these cells appear to be oriented circumferentially since their nuclei appear elongated (Fig. 7, A-C) . Identical results were obtained using the smooth muscle alpha actin antibody (data not shown). However, cells negative for smooth muscle myosin heavy chain, indicated by blue nuclei, were seen along the lumen in the intimal layer, outside of the media in the adventitial layer as well as in the medial layer (Fig. 7, A-D) . The muscle protein-negative cells within the media could be seen in the elastic lamina (Fig. 7, A-C) and appeared organized into bands as evident when cells positive to only DAPI are displayed (Fig. 7 E) . These cells had nuclei that were smaller and more irregularly shaped than the cells that were myosin positive. These two nuclear morphologies could also be observed even in routine histological sections (Fig. 7, F and G) . Examination of cells within and adjacent to the elastic lamina indicated that cells within the elastic lamina were negative to smooth muscle myosin heavy chain (Fig. 7 H) and alpha actin (Fig. 7 J) but positive to nonmuscle myosin heavy chain (Fig. 7  I) . Cells adjacent to the elastic lamina were positive to both muscle and nonmuscle myosin heavy chains (Fig. 7, H and I ) and alpha actin (Fig. 7 J) . Taken together, these data suggest that the dominant cell within the media is type 1 while that in the adventitia is type 2. However, type 2 cells are not restricted to the adventitial layer for they are also seen within the media.
To determine if cells forming the neointima were more similar to type 1 or type 2 cells, balloon catheter-induced deendothelialization was performed and the immunohistochemical characteristics of the neointimal cells were determined in situ and in culture. A definite neointima was observed within 7 d after deendothelialization (Fig. 8) which increased in thickness at 14 d (Fig. 9) . At 7 d after injury, cells within the neointima were positive to antibodies to smooth muscle alpha actin and nonmuscle myosin heavy chain but not to smooth muscle myosin heavy chain (Fig. 8) . The relative intensity of this labeling did not change between 1 and 2 wk after deendothelialization (data not shown). Cells within the media of injured vessels had the same antibody labeling characteristics as cells within the media of normal vessels.
Cells isolated by timed enzymatic digestions from the lumenal surface of a vessel 14 d after injury were compared with cells from the contralateral control carotid (Fig. 9) . Cells obtained from the first enzyme digestion ‫ف(‬ 15 min) of the injured vessel yielded small spherical cells that attached readily to the culture dish, spread, and proliferated (Fig. 9) . When ex- (Fig. 4) . amined 8 h after seeding, these cells reacted positively to the smooth muscle alpha actin antibody (Fig. 9 ) but were negative to the smooth muscle myosin heavy chain antibody (data not shown). Subsequent digestions yielded primarily large bipolar cells until the adventitial surface was approached when small spherical cells increased in number. In contrast, cells obtained during the first 15 min of digestion from the contralateral control carotid artery were large bipolar cells that did not spread or proliferate. Based on immunocytochemical and culture characteristics, neointimal cells were more similar to cultured type 2 cells (see Fig. 4 ) than to type 1 cells. The characteristics of cells in vivo are summarized in Table III .
To determine if type 1 and 2 cells were unique to canine carotid arteries, cryosections of canine saphenous vein were also examined (Fig. 10) . Both cell types could be identified by their characteristic cross-reactivity with smooth muscle alpha actin and myosin heavy chain antibodies and, as in the carotid artery, type 1 and 2 cells were present within the media, while only type 2 cells were observed in the adventitia.
Discussion
Immunohistochemical characterization of canine carotid artery and saphenous vein indicates the presence of at least two distinct cell types (type 1 and 2) based on their expression of smooth muscle actin and myosin. Type 1 cells expressed smooth muscle alpha actin and myosin heavy chain while type 2 cells did not ( Fig. 7 and Table III ). Those cells expressing muscle proteins (type 1) were restricted to the medial layer and represented the majority of cells in this layer. Cells not expressing muscle proteins (type 2) were the sole cells in the adventitial layer but were also found within the media, sometimes organized into circumferential bands (Fig. 7) .
Sequential digestion of the carotid artery also yielded two major cell populations that had the same immunohistochemical characteristics as the cell populations identified in situ (Table III). The relative yields of the two cell populations were dependent upon whether enzyme digestion was begun from the lumenal or adventitial surfaces of the vessel wall. Type 1 cells were in highest concentration in lumenal digests. Freshly isolated type 1, but not type 2 cells, expressed mRNAs for smooth muscle myosin heavy chain and SM22 (Fig. 6 , Table  II) , two markers suggested to be characteristic of differentiated smooth muscle cells (24) . Finally, the two populations had very distinct morphologies when isolated. Those expressing muscle proteins (type 1) were large and bipolar (Figs. 1-3 ) while those cells not expressing muscle proteins (type 2) were small and spherical (Figs. 1 and 3) . Based on these characteris- tics, the type 1 cells are considered to be differentiated VSMC while the type 2 cells are of unknown origin.
The identity of type 2 cells is unclear but similar cells have been described by Moss and Benditt (3) in the media of adult avian aorta and more recently by Frid et al. (25) in adult bovine pulmonary artery. The type 2 cell most closely corresponds to the L3i cell of Frid et al. (25) based on common immunohistochemical characteristics and location within the vessel wall. The L3i cell expressed muscle proteins in late fetal and neonatal life but not in the adult, suggesting that they have a smooth muscle origin. The expression of smooth muscle alpha actin (Fig. 5 ) and the presence of mRNA for SM22 (Fig. 6 ) in cultured type 2 cells suggest that they, too, may be of muscle origin. The presence of type 2 cells within the media of canine saphenous vein (Fig. 10) suggests that they are not unique to the carotid. These data clearly demonstrate that conduit vessels from large mammals have a media composed of a heterogeneous cell population.
When VSMC were placed in culture they attached well to a collagen substratum (Fig. 1 ) but poorly to glass or tissue culture plastic. However, this attachment did not promote cell spreading (Fig. 3) , a prerequisite for cell migration. Even though VSMC did not proliferate (Table I) , they were considered viable because they were selectively permeable to specific markers (trypan blue, ethidium homodimer, calcein AM) and exhibited regulated Na pump activity (Table II) . Finally, VSMC did not qualitatively change their expression of smooth muscle alpha actin or myosin heavy chain over 1 wk in culture (Fig. 4) . These data imply either that standard tissue culture conditions are inadequate to induce mitogenesis and phenotypic modulation of isolated canine carotid VSMC or that these cells are terminally differentiated.
In contrast, the canine carotid type 2 cells exhibited protrusive membrane activity typical of motile cells (Figs. 1 and 3 ), incorporated thymidine (Table I) , and increased their expression of smooth muscle alpha actin with time in culture (Fig. 5) . Type 2 cells appeared more sensitive to low (0.5%) than to high serum concentrations (10%) even though these values were not statistically different. This could be an intrinsic property of type 2 cells. Differences in serum sensitivity between arterial cells isolated from a variety of species have been reported by many laboratories (26-28) but few have reported a greater mitogenic effect of low serum concentrations (28) . Alternatively, the effectiveness of 0.5% serum may be due to the use of primary cultures. Most growth studies use passaged cells maintained in serum-containing medium. Type 2 cells in this study were primary cultures, first exposed to serum at the time of thymidine incorporation. If growth factor receptor desensitization occurs upon exposure to high serum concentrations, the naive state of the cells combined with desensitization could make the response to low serum greater than to high serum. Additional experiments need to be performed to test this hypothesis.
Assuming that exposure of cultured cells to serum mimics in many ways the proliferative and phenotypic modulation response of vascular cells during in vivo remodeling, the above cellular characterizations suggest that type 2 cells, rather than VSMC, would more likely be responsible for neointimal formation in response to deendothelialization. This was tested by immunohistochemical characterization of carotid neointimal cells in situ and in culture.
Neointimal cells 7 and 14 d after balloon catheter injury expressed smooth muscle alpha actin and nonmuscle myosin heavy chain in situ but not smooth muscle myosin heavy chain ( Fig. 8) . Neointimal cells isolated from an artery 2 wk after injury also expressed these proteins shortly after isolation (8 h) and, when placed in culture spread on glass or collagen substrata, proliferated and continued to express smooth muscle alpha actin (Fig. 9) . Based on the parameters assessed in these experiments, neointimal cells in situ and in culture are indistinguishable from type 2 cells that have been in culture for three or more days (Fig. 5) . Therefore, these data suggest that it is the type 2 cell that forms the neointima in the injured canine carotid artery rather than the VSMC. The most likely source of type 2 cells that form the neointima are those cells within the media nearest the lumen (Figs. 7 and 8) .
Two observations in this study appear to stand in contrast to observations made by other investigators using cultured vascular cells from rat and rabbit arteries. These observations are: (a) the isolation of VSMC that do not proliferate or undergo phenotypic modulation in culture; and (b) the isolation of a cell that is initially negative to smooth muscle alpha actin but which expresses actin with time in culture (type 2 cells). These observations may not have been reported previously for a variety of reasons: (a) the isolation of more homogeneous cell populations because of timed enzymatic digestion in one direction through the vessel wall; (b) the use of the canine carotid artery; (c) the differential substrate adhesive properties of VSMC and type 2 cells; and (d) the morphological and immunohistochemical characterization of cells shortly after isolation. The use of timed digestions to disperse cells beginning from either the lumenal or adventitial surfaces may have resulted in more homogeneous cell suspensions. This may also have been aided by selection of the carotid artery which has fewer type 2 cells within the media than the saphenous (Figs. 7 and 10), for example, and, therefore, may have fewer than rat or rabbit arteries. In other published studies minced pieces of aortic media or whole wall were digested (8, 10-12, and 29) to obtain cells for study. This most likely results in a heterogenous cell suspension since evidence indicates that the aortic media is not homogeneous (8) (9) (10) (11) (12) . If, in addition, one cell type does not proliferate rapidly and adheres poorly to tissue culture plastic while another proliferates rapidly and adheres well, the latter population would eventually dominate the culture. It is a general observation that seeding efficiency for primary smooth muscle cultures is poor compared with passaged cells. This may be because the primary cell isolate contains a high proportion of cells (e.g., VSMC) that have weaker adhesive properties and are subsequently lost. Such shifts in cell population with time in culture would also appear as phenotypic modulation if the cells expressed different proteins at isolation. The presence of alpha actin-negative cells has been reported in freshly isolated rat aortic cells (10, 11) suggesting the presence of type 2 cells in this vessel; however, the ability of such cells to express alpha actin with time in culture was not determined. Based on in situ data (8-12), type 2 cells have been identified in the media of rat and rabbit vessels and should be present in dispersed cell preparations. Therefore, it is very likely that the two cell types identified in canine carotid artery and saphenous vein are present in vessels from other species. Additional experiments will have to be performed to confirm this suggestion. The possibility that VSMC are terminally differentiated is consistent with other muscle cell types. In skeletal muscle, the products of myogenic determinant genes, such as myoD, appear to control the differentiation of myoblasts into fused myotubes, the expression of contractile proteins, and the blockade of cell division (30) . Once initiated to differentiate, the myoblast becomes committed and loses the ability to proliferate or dedifferentiate. Introduction of the gene for myoD into cultured rat aortic cells or into nonmuscle cells resulted in the expression of skeletal muscle genes for myosin and alpha actin only in aortic cells (31). Recently, a potential antiproliferative gene unique to vascular smooth muscle, Gax, has been identified in rat aortic cells. Gax is upregulated during growth arrest in culture (32) , which is a time when contractile proteins characteristic of the differentiated state are reexpressed (29, 33) . These studies indicate that vascular cells contain and can respond to gene products associated with terminal differentiation. Wohrley et al. (34) have demonstrated in neonatal bovine pulmonary arteries that hypoxia induces extensive cell proliferation except in an anatomically distinct population of differentiated VSMC. Either these VSMC are not sensitive to the proliferative effects of hypoxia or they are incapable of entering the cell cycle. These in vivo observations suggest that the isolation of postmitotic VSMC is possible.
In conclusion, these studies demonstrate that the media of canine vessels is composed of at least two cell populations. One population, VSMC, expresses characteristic muscle proteins, is restricted to the media, and does not proliferate when placed in culture. A second population, type 2 cells, is devoid of muscle contractile proteins in vivo, and is primarily in the adventitia but can also be found within the media. This second population is capable of proliferating and expressing smooth muscle alpha actin in culture. These are characteristics of cells found within the neointima of injured carotid artery. Taken together, these observations suggest that the canine carotid VSMC is incapable of forming the neointima and that the neointima is formed by the type 2 cell. Figure 10 . Digitized images of a cryosection of canine saphenous vein doubled labeled with an antibody to smooth muscle alpha actin and the nuclear stain DAPI. A shows the pattern of actin labeling in a portion of the media while B shows the distribution of nuclei in the same area. The arrows point to cells negative to alpha actin. C is a pseudocolored image of the whole wall with red indicating actin labeling, blue indicating nuclei of cells negative to actin, and white indicating nuclei of cells positive to actin. D illustrates only the nuclei of actin-negative cells. The arrow points to the same cells indicated in A and B. As in carotid arteries, the saphenous vein also contains cells within the medial and adventitial layers that are negative for smooth muscle alpha actin and myosin.
